We report the generation of tunable femtosecond pulses from 380nm to 465nm near the degenerate point of a 405-nm pumped type-I BBO noncollinearly phase-matched optical parametric amplifier (NOPA). The tunable UV/blue radiation is obtained from sum frequency generation (SFG) between the OPA output and the residual fundamental beam at 810-nm and cascaded second harmonic generation (SHG) of OPA. With a fixed seeding angle, the generated SFG and SHG covers from 385 nm to 465-nm. With a pumping energy of 75 µJ at 405 nm, the optical conversion efficiency from the pump to the tunable SFG is more than 5% and the efficiency of SHG of the OPA is about 2%.
Introduction
Recent rapid progress in femtosecond laser technology has made it a powerful tool in the fields of ultrafast spectroscopy and material diagnostics [1] [2] [3] . By combining ultrashort intense pulses from amplified solid-state lasers with nonlinear optical techniques, one can generate widely tunable femtosecond light pulses from the near UV through the IR [4] [5] [6] . Among those developments, noncollinear optical parametric amplification (NOPA) seeded with white-light super continuum (WLS) had been widely employed. The use of a seeding pulse reduces the pumping threshold needed for optical parametric generation, and improves the pulse-to-pulse stability and spatial mode quality. NOPA also yields some unique advantages for reducing the group velocity mismatch (GVM), increasing the interaction length between the pump pulse and the seeder and therefore improving the parametric gain. However, owing to the limit of phase-matching condition, the tuning range for a 400-nm pumped type-I BBO-NOPA only covers from 460-nm to 720-nm in the signal branch and from 900-nm to 2.4 µm in the idler. A tuning gap exists from ~720-nm to ~900-nm, where the output energy of NOPA is significantly lower than that at other wavelengths. This is caused by the very broad bandwidth and low gain around the degenerate point. When the seeding angle is increased, the short wavelength-end of the tuning curve red shifts, which further narrows the tuning range. It is difficult to obtain tunable femtosecond pulses with wavelength shorter than 460-nm from a 400-nm-pumped BBO-OPA. This is unfortunate since tunable femtosecond pulses in the blue and the near UV region (<460 nm) are most useful in many applications ranging from investigations of wide band-gap materials to biomolecules. Various nonlinear optical wave-mixing processes, including sum frequency generation (SFG) and second harmonic generation (SHG), had been employed to convert the output of NOPA to short wavelength. However, the addition of SHG (or SFG) stage complicates femtosecond pulse profile and increase the difficulty of operation. Furthermore, the optical conversion efficiency of an external SHG stage for the OPA output is generally low due to serious walk-off, GVM and limited intensity.
In this paper we report the generation of tunable femtosecond pulses in the blue and near-UV region from 380-nm to 465-nm with a 405-nm pumped type I BBO-NOPA without any additional frequency-doubling crystal. The tunable radiation is attributed to cascaded second harmonic generation (SHG) of the generated OPA and sum frequency generation (SFG) process from the generated OPA and the residual pump laser beam at 810-nm from the whilelight super continuum (WLS). With the configuration used, SFG can readily be generated in the OPA stage. By using a pump energy of 75 µJ at 405-nm, the tunable SFG from 380-nm and 465-nm has an output energy of 4 µJ. The output of SFG can be further improved by increasing the energy of either the pump at 405-nm or the residual beam at 810-nm. The output of SHG of the OPA is 1.5 µJ and it is tunable from 410-nm to 660-nm. The pulse durations of the SFG and SHG are about the same as that of the pump.
Experimental

Experimental arrangement
The schematic of our experimental setup is shown in Fig. 1 . The output of a regeneratively amplified Ti: sapphire laser provides an output energy of more than 1 mJ per pulse at 810-nm with pulse duration of ~90 fs. The output of the laser is split into two parts by a 3-mm thick beam splitter: 5% of the beam reflected from the beam splitter is used to generate white-light supercontinuum (WLS) from a 2-mm CaF 2 plate with appropriate attenuation and focusing. The remaining energy transmitted through the beam-splitter passes through an adjustable attenuator, a 1:3 telescope and a delay-line before it is frequency-doubled to 405-nm with a 0.30-mm BBO. The SHG beam with energy adjustable between 50-120 µJ is used to pump the NOPA. The CaF 2 plate generates WLS with smaller chirp and the beam-splitter used may cause pulse broadening of the pump beam through GVD. Therefore the seeding pulse could be shorter than the pump of WLS (@810nm) to increase the seeding intensity and the output stability of the OPA can be significantly improved. The generated WLS is collimated by a parabolic mirror, and then is temporally and spatially overlapped with the pump beam in a 2-mm-long type-I BBO cut at θ=29 o . The beam crossing angle α between the seeder and the pump of OPA (@405nm) is adjustable from 2 to 18 degrees. When the BBO is tuned to around the degenerate point of the OPA, its output becomes relatively weak and two bright, high-quality beams tunable in the near-UV and the deep blue region can be observed together with the optical parametric superfluorescence ring. The image shown in Fig. 1 is the spatial mode pattern of the system. The green ring is the parametric superfluorescence and the black spot in the middle of the ring indicates the position of the residual pump beam at 810 nm. To avoid saturating the CCD camera with the residual pump beam of OPA at 405-nm, we punched a hole on the observation screen to let most of the residual pump beam go through the hole. As shown in Fig. 1 , the red spot near the ring and on the right of the pump is the output of OPA. The bright spot on the left of the ring is the tunable SHG and the bright spot between the parametric superfluorescence ring and the pump of OPA (@405nm) is the SFG component. 
Relation between the pumping intensity and the SFG/SHG output
With a seeding angle from 3 to 18 degrees, we discovered two bright spot. One can be attributed to the sum frequency generation (SFG) between the OPA component and the residual pump beam at 810-nm from WLS generation. The other, which is attributed to the second harmonic generation (SHG) from the idler of the OPA, is generated with the BBO crystal tuned to near the degenerate point. The wavelength of the SHG component can be changed from the near-UV, to the blue, the green or even to the red region. In the meantime, when the wavelength of the OPA approaches the degenerate point, a second spot, which is due to sum frequency generation (SFG) of the OPA output and the residual pump beam at 810 nm, can be seen. The 810-nm radiation was used for generating white-light supercontinuum (WLS). The pumping threshold for generating SHG and SFG components depends on the seeding angle: At a large seeding angle (∼15 o ), the SFG can be observed even below the pumping threshold of parametric superfluorescence. When the seeding angle is decreased to 6-8 degrees, in order to see the SFG/SHG spots with naked eye, the BBO crystal has to be pumped up to a level that the bright parametric fluorescence can be generated. At an even smaller seeding angle of 2-3 degrees, the SHG/SFG components are difficult to generate and the output is weaker. This can be understood as in the following: At a large seeding angle, the central wavelength of SFG is at around 410-nm and the central wavelength of SHG of the OPA is at 439nm, where the GVM of OPA is relatively small. This leads to a longer pulse walk-off distance and therefore the cascaded SFG/SHG is expected to yield a stronger output.
Tuning range of cascaded SFG and SHG
One can calculate the tuning range of SFG and SHG as a function of seeding angles and as a function of the orientation of the BBO crystal by taking into account the phase-matching conditions of NOPA and SFG/SHG and the group velocity mismatch (GVM) among the spectral components involved. We also found that the central wavelength of the SFG is adjustable from 410 and 440-nm with the seeding angle, while the tuning range of SHG covers a broader spectral range from 380 nm to 660 nm. The central wavelength of SFG/SHG becomes shorter at large seeding angle and longer at small seeding angle. When the seeding angle is fixed, the SFG/SHG can also be tuned by rotating the crystal. With a small seeding angle, the SFG is centered at 450-nm with the tuning range splitting into two parts. For this case, where GVM is large and the pulse walk-off distance becomes shorter, a higher pumping intensity is needed to generate the cascaded SFG and SHG.
The central wavelength and tuning range of the SFG/SHG beams are measured at the following three seeding angles: 14, 8, and 2 degrees. At 14 degree, the tuning range of SFG covers from 380-nm to 432-nm with a central wavelength at about 410-nm. It agrees very well with the prediction of theory. At a seeding angle of 8 o , the tuning range extends from 395 nm to 460 nm with a central wavelength shifted to 440-nm. At a seeding angle of 3 degrees, SFG is barely observable at 410 nm. The tuning range of SHG is generally broader than that of SFG.
It is known that at a large seeding angle, such as between 8 and 16 degree, favors SFG and SHG because the GVM between the OPA and the residual radiation at 810-nm is smaller. As the seeding angle becomes smaller, the SFG/SHG is weaker from the increased GVM between the OPA and the SFG. The effect of GVM is particularly important for a very short pumping laser pulse. The central wavelength of SFG/SHG can be controlled by the seeding angle, while the fine tuning of SFG/SHG can be done by rotating the angle of the BBO crystal. Figure 2 shows the tuning characteristics of the generated SFG and SHG, respectively, at a seeding angle of 8-degree. The SFG is tuned by rotating the BBO crystal. A tuning range from 389 nm to 425-nm had been observed as shown in the top figure. The maximum output of SFG is at 400-nm. With the same seeding angle of 8 degree, the tuning range of the cascaded SHG of OPA covers a very broad spectral range from 410-nm to 660-nm. The maximum output occurs at 439-nm. The bottom figure shows the spectra of the tunable SHG at various angles of the BBO. It is seen from Fig. 2 that the tuning range of the cascaded SFG/SHG fills the gap of the tuning range of a 400-nm pumped OPA in the wavelength range shorter than 460-nm.
Experimentally, it is observed that the SFG and SHG can be generated simultaneously over a broad tuning range of the OPA. In order to understand such a phenomenon, a theoretical calculation was done to find the phase-matching conditions for the OPA, the cascaded SFG and SHG. It can be shown that when the seeding angle lies between 3 to 18 degrees, the phase-matching angle of the cascaded SFG and SHG of OPA is coincidently overlapped with that of a 400-nm pumped type-I BBO NOPA at its degenerate point. Figure  3 shows the relationship between the wavelengths of OPA, SFG and SHG and the angle of the BBO crystal at various seeding angles α. Clearly, the curves of SFG and SHG cross each other when the wavelength of OPA ranges from 0.7 to around 1.0 µm, indicating the coexistence of SFG and SHG in that wavelength range of the OPA. This explains why one can observe both SFG and SHG components simultaneously when the BBO crystal is tuned to around the degenerate point at 810 nm. The calculation in Fig. 3 agrees well with the experimental observation. 
Conversion efficiency of cascaded SFG-OPA
It is interesting to note that the cascaded SFG-OPA also exhibits fairly high optical conversion efficiency. With a pumping energy of 75-µJ/pulse at 405 nm, the total energy conversion efficiency from the pump to the OPA at signal wavelength around 580 nm is more than 25%, including 14 µJ in the signal branch and 5 µJ in the idler branch. With the same pumping energy and a residual seed energy of ~30 µJ at 810-nm, the output energy of SFG is 4.1 µJ, which corresponds to an energy conversion efficiency of more than 5%. The output energy of SHG is more than 1.5 µJ, yielding an energy conversion efficiency of about 2%. A simple way to further increase the SFG output is to excite it with higher pulse energy at 810-nm.
We note that one can produce tunable near UV-VIS femtosecond radiation by frequencydoubling the output of the OPA. However, this scheme requires a second BBO crystal for SHG and synchronous rotation of two crystals. This makes the wavelength tuning more complicated. Secondly, the surface loss at the second crystal would reduce the optical conversion efficiency when the second stage is used. Finally, when a second stage is used, the SHG needs to be done in a collinear way and large GVM is encountered. The SHG conversion efficiency of sub 100-fs laser pulses is mainly limited by the GVM and the pumping intensity. Therefore, the cascaded SFG is more efficient than SHG, no matter it is done internally or externally.
Pulse shape of SFG
Using a newly developed OPA-based frequency-resolved optical gating (OPA-FROG) technique [7] , we have analyzed the output of the NOPA to deduce the complex field profiles. Our measured and retrieved OPA-FROG traces show that there is no significant chirping in the output of OPA and the pulse duration of the OPA is about 75-fs. We can also measure the FROG-trace of the SFG and SHG outputs with a beam-crossing single-shot OPA/single-shot FROG technique [8] , which allows measurements of femtosecond pulses in a single-shot fashion without mechanical scan of optical delay. It was found that the pulse width of the generated SFG is longer than that of the corresponding OPA and shorter than that of the 810-nm pump pulse. This confirms that the SFG pulse is a temporal convolution of the OPA component and the residual fundamental beam. The same measurements were also done with SHG output and it is found to be shorter than that of OPA.
Summary
In conclusion, we have successfully demonstrated, for the first time to our knowledge, the generation of femtosecond tunable pulse in the near-UV/visible via cascaded SFG-OPA or SHG with a single crystal. The device is pumped at 400 nm and operates near the degenerate point of a type-I non-collinearly phase-matched OPA. The energy conversion efficiency of the SFG is more than 5%, while that of SHG of OPA is about 2%. Our design provides a simple while effective way to extend the tuning range of a 400-nm pumped type-I BBO-OPA down to 380-nm without an additional frequency up-conversion stage. The beam quality and pulse shape of the SFG is found to be about the same as that of OPA output.
